ABSTRACT A recombinant single-chain variable-region human antibody fragment (scFv) was expressed in Escherichia coli, extracted in hypertonic sucrose, mixed directly with blood and fed to Anopheles gambiae Giles mosquitoes. When E. coli containing the phagemids that encode these scFv were included in bloodmeals, phagemids could be recovered from the mosquito midgut for up to 3 d after feeding. Furthermore, large arrays of such gene-tagged scFv-containing bloodmeals could be fed to cages of mosquitoes using microtiter plates. Arrays of phagemids with and without an antibody insert were fed to single cages of mosquitoes to test whether individual mosquitoes fed from single wells of such arrays. Phagemids were recovered from 95% of blood-fed females and Ͼ80% of these phagemids were monoclonal. Therefore, it is possible to feed multiple sample arrays of recombinant proteins to single cages of mosquitoes and to recover the genetic material that encodes for only one of the array elements from individual mosquitoes. This demonstration indicates that multiple-sample feeding and recovery strategies are feasible and may represent a viable strategy for future rapid screening of biologically active genes, gene products or microorganisms in live arthropods.
BIOMOLECULES THAT EITHER directly kill arthropods or reduce their capacity to transmit pathogens have many potential applications. Examples include plant protection from pests by microbial insecticides (Stewart et al. 1996) and the development of vaccines to block the transmission of pathogens or to directly kill their vectors (Jacobs-Lorena and Lemos 1995, Willadsen and . The search is ongoing for new (Bowen et al. 1998 ) and modiÞed (Marzari et al. 1997 , Kasman et al. 1998 ) biopesticide molecules, as well as genes that cause insect refractoriness to pathogens (Marshall 1998 ) and vaccines against blood-feeding arthropods (Jacobs-Lorena and Lemos 1995, Willadsen and . However, the laborious process of identifying genes and gene products in recombinant libraries that have in vivo biological activities often limits the progress of such investigations (King et al. 1997) .
The effects or fates of substances added to artiÞcial bloodmeals for hematophagous arthropods is typically tested by presenting the blood meal to cages of insects in warmed membrane feeders that mimic the skin of a host animal (Lehane and Billingsley 1996) . The impact of blood meals with different constituents or the fate of those constituents is assessed by feeding a number of different blood meals to an equal number of separate cages or test groups of arthropods (Willadsen and Billingsley 1996) . Such membrane feeding assays assess the nutritional value, infectiousness, and transmission-blocking effects of blood meals and their various constituents in a number of arthropods of medical and veterinary importance (Willadsen and Billingsley 1996) . However, this laborious process often limits the number of samples which can be tested (Lehane and Billingsley 1996) .
Here, we demonstrate an alternative approach in which a large array of potential blood meals, containing recombinant antibody fragments, can be fed to a single cage of insects. By tagging each antibody-containing blood meal with corresponding genetic material, it is possible to recover, propagate, identify and retest the single clone that any individual insect consumed.
The principles of this multiple-sample feeding and recovery strategy were demonstrated in the African malaria vector Anopheles gambiae Giles using a human antibody fragment which recognizes ßuores-cein (anti-FITC-E2), that originally was isolated from a library of 1.4 ϫ 10 10 different human single-chain variable region fragment (scFv) constructs (Vaughan et al. 1996) . The pCANTAB-6 phage-display phagemid vector system used allows scFv to be expressed as either a soluble fragment exported to the bacterial periplasmic space or as a fusion with the gene-3 protein of Þlamentous bacteriophages (McCafferty et al. 1994) . However, this approach may be broadly applicable to rapid screening for molecules or microorganisms with biological activities in live arthropods.
Materials and Methods
Mosquito Rearing And Handling. The An. gambiae G3 colony was maintained in an insectary at 27ЊC and 80% RH. Larvae were fed Þnely ground Þsh food and adults were provided with 10% (vol:vol) cane syrup and water. Pupae were allowed to emerge in chlorine bleach-cleaned 3.8 L (1-gallon) plastic cages lined with clean, disposable paper towels and the emerging adults were fed experimentally from single-chamber membrane feeders or microtiter plates, through ParaÞlm membranes, 3Ð 6 d after emergence. Pupae were placed in the cages at the required density for the experiment (30 Ð 60 or 250 Ð300 females per cage for single chamber or microtiter plate feeds, respectively) so that no handling was necessary after emergence.
Feeding Mosquitoes from Microtiter Plates. Human blood (100 l, 40% hematocrit in heat-inactivated serum) was added to each well of a microtiter plate, and the ParaÞlm membrane was stretched across the surface of the prewarmed (37ЊC for 15 min) plate, inverted, and lightly shaken once to place the blood meal in contact with the membrane surface. The inverted plate then was placed on the netting top of the cage and was not moved until termination of the feed 60 min later. At the start of the feed, a 200-ml reservoir of warm (50ЊC) water was placed on top of the plate and the water carefully removed and replaced, with a small beaker, at 15-min intervals. It was important to avoid disturbing the contact between the membrane and the plate to prevent leakage and intermixing of the blood meals from adjacent wells. It was therefore critical that the array be prewarmed to prevent expansion of air within the well after the membrane was applied and that neither the cage, the array, nor the warm water reservoir was moved after assembly.
Single-Chain Antibody Fragment (scFv)-Encoding Phagemids. The anti-FITC-E2 antibody-encoding phagemid and the pCANTAB-6 control vector were maintained and propagated routinely in the Escherichia coli strain TG1 (K12, ⌬ [lac-pro] Vaughan et al. 1996) . Alternatively, they were propagated on minimal agar medium containing M9 salts , 100 g ml Ϫ1 ampicillin and 2% (wt:vol) D-glucose (MAG). Maintenance of phagemid-bearing E. coli on MAG allows the use of this same selective medium to recover them from the mosquito midgut and subsequent rescue of phage-packaged phagemid because it is selective for phagemid-bearing male (bearing an FЈ pilus) E. coli. Standard manipulation methods for this phagemid vector are described in detail elsewhere (McCafferty et al. 1994 , Vaughan et al. 1996 .
Soluble scFv Expression. Cultures (400 l) of picked clones in 24-well tissue culture clusters were grown overnight to stationary phase in 2TYAG at 30ЊC in a humidity chamber and then reactivated by adding a further 1 ml of fresh 2TYAG and incubating for 1 h at 30ЊC. Soluble scFv production was induced by centrifuging at 2,000 ϫ g for 15 min and resuspending the cells in 1 ml 2TY containing 100 g ml Ϫ1 ampicillin and 1 mM isopropyl-␤-D-thiogalactopyranoside and incubating at 30ЊC for 4 h. The cultures were centrifuged at 2,000 g for 15 min and resuspended in 200 l of 2TYAI for transfer to 96-well plates in which they were recentrifuged. Soluble scFv in the bacterial periplasm was extracted by resuspending in 20 l of hypertonic extraction buffer (20% (wt:vol) sucrose, 1 mM EDTA, 50 mM Tris-HCl pH ϭ 8.0) and allowing to stand on ice for 15 min. Bacterial cells were removed by centrifuging at 8,000 ϫ g for 15 min.
Feeding scFv to Mosquitoes in Gene-Tagged Blood Meals. Initially, a range of concentrations of periplasmic extract in blood were fed to separate cages of mosquitoes to determine their suitability in terms of feeding rate and subsequent background insect mortality and the concentration of periplasmic extract optimized. Then, a range of concentrations of phagemid-bearing bacteria were tested based on the on the same criteria and for the ability to recover those bacteria from the midgut. All optimizations were conducted by feeding preparations to cages of 30 Ð 60 mosquitoes using standard water-jacketed feeders (Ponnudurai et al. 1989) and ParaÞlm membranes. Cultures of pCANTAB-6, in a 10-ml induction volume, were grown and induced as described above before feeding individually to cages of 60 Ð100 females to test the feeding and survival responses of mosquitoes. These larger cultures of bacteria provided enough cells to test different inoculum sizes that were added to mixtures of periplasmic extract and blood.
Recovering scFv-Encoding Phagemids from Mosquitoes Fed Gene-Tagged Blood Meals. Clones were recovered at various times after feeding from individual mosquitoes by surface sterilizing for 5Ð10 min in 70% ethanol, dissecting out the midgut, and suspending their blood meals in 500 l of sterile phosphate buffered saline (PBS) before streaking on MAG plates. Both phagemid-containing E. coli and midgut microßora contaminant colonies were pooled in a single 10-ml aliquot of 2TYAG and recovered as infective phage particles . The phage-particles were sterilized by Þltration and reinfected into fresh E. coli cells to yield a phagemid pool free of bacterial and plasmid contaminants from the microßora of the mosquito midgut.
Feeding Gene-Tagged scFv Arrays and Recovering Monoclonal Phagemids. The anti-FITC-E2 clone, which produces abundant scFv (Vaughan et al. 1996) , and the pCANTAB-6 vector (no insert) were chosen to assess whether phagemids recovered from individual mosquitoes fed from an array are indeed monoclonal, because these two clones are distinguished readily. The anti-FITC-E2 clone in E. coli HB2151 (K12, ⌬(lac-pro) ara NaI r thi [FЈ proA ϩ B ϩ lacI q lacZ⌬M15]) produces abundant scFv, whereas pCANTAB-6 does not. These two clones were arranged in a chessboard-structured array and presented to a cage of mosquitoes for ad libitum feeding. ScFv expression was induced as described above and periplasmic extracts were mixed with blood and inoculated with aliquots of the corresponding bacterial cells in proportions determined to be optimal in terms of mosquito feeding rate and survival and subsequent clone recovery (4:1 blood-periplasm inoculated with 2.5% of cells extracted). After 24 h, clones were recovered from individual mosquitoes and eight randomly picked transformants from recovered phage were induced to produce scFv in a 96-well microtiter plate format, extracted and scFv production detected by dot blot. Detection of Antibody Fragments. Antibody fragments were detected by diluting Þvefold in PBS and adsorbing to polyvinylidene ßuoride membranes (Amersham, Arlington Heights, IL) using a vacuum manifold dot blot apparatus (Bio-Rad, Hercules, CA) scFv was detected with the 9E10 monoclonal mouse antibody (Sigma, St. Louis, MO), speciÞc for the c-myc epitope expressed contiguously with the scFv in the pCANTAB-6 vector . Reactive dots then were visualized with horseradish peroxidase-conjugated sheep anti-mouse IgG (Sigma) and recorded with enhanced chemiluminescence (ECL) reagents and ECL Þlm (Amersham).
Results
When blood was presented to cages of mosquitoes in 96-well microtiter plates, 60 Ð90% of females engorged and individuals were observed feeding from only one of the presented array of wells (Fig. 1A) . The pattern in which prediuretic ßuid was excreted during the feeding process and collected on the bottom of cages containing 250 Ð300 female An. gambiae demonstrated that feeding occurred throughout the microtiter plate (Fig. 1B) .
Using the anti-FITC-E2 clone as an example of a clone that produces abundant scFv (Vaughan et al. 1996) , it was found that when phagemid-containing E. coli were included in the blood meal, they were recovered from single mosquitoes, for up to 3 d, by streaking the midgut contents on selective agar ( Fig.  2A) . Contaminant colonies from the midgut microßora also were observed and, although some of them could be distinguished from E. coli on the basis of colony morphology, many could not. Phages were rescued successfully from resuspended pools of all colonies recovered on agar plates and reinfected into fresh host cells to preclude contamination with bacteria or plasmids from the midgut microßora. Phagepackaged clones were recovered from 12 out of 12 individual mosquitoes 12 h after feeding.
In the feeding experiments described in Fig 2, mixtures of blood and periplasmic extracts presented to mosquitoes were inoculated with the entire pellet of extracted bacteria. High mortality rates (up to 64% after 48 h) were observed in mosquitoes fed blood meals containing the entire pellet (Fig. 3D) . The blood meals of mosquitoes fed blood-periplasm mixtures containing such high densities of E. coli were observed to darken rapidly, indicating that excessive proteolytic fermentation of the blood meal may have been the cause of this high mortality. The ratio of blood to periplasmic extract was optimized using the pCANTAB-6 vector ( Fig. 3 A and B) . Interestingly, mosquitoes appeared to prefer blood and periplasmic extracts containing phagemid-bearing E. coli to blood alone (Fig. 3A) . Reduction of the number of bacteria used to inoculate the blood meal greatly reduced background mortality without signiÞcantly reducing feeding rates (Fig. 3 C and D) or the ability to recover clones from the midgut. Therefore, the subsequent experiment in which mosquitoes were fed a phagemid-tagged array of potential blood meals was conducted with an inoculum of 2.5% (vol:vol) of induced bacteria and a 4:1 ratio of blood to periplasmic extract.
After offering the chessboard array to test the monoclonality of recovered phagemids, phage-puriÞed clones were recovered from 21/22 (95%) mosquitoes (Fig 4) . Eight colonies were picked at random from phage-recovered clones, cultured under scFvinducing conditions, and tested for scFv production by dot blot. Six of the phagemid preparations recovered from mosquitoes appeared to be monoclonal anti-FITC-E2 because all eight picked colonies produced scFv (Fig 4) . A further 11 appeared to be monoclonal pCANTAB-6 because none of the picked colonies produced scFv (Fig 4) . Therefore, 17/21 (81%) of recovered clones appeared to be monoclonal. All of the remaining phagemid preparations that were recovered from mosquitoes yielded predominantly one clone with light contamination (two-eighths or oneeighth) of the other (Fig 4) . Presumably, such mixed phagemid recoveries resulted from mosquitoes that either fed on two separate wells or that fed on mixed clones at occasional portions of the plate where crosscontamination occurred between wells. Based on these estimates of cross-contamination, we calculated that the chance of picking a contaminant rather than a dominant clone (C) from a single colony recovered via phage rescue from a single mosquito was only 0.036 [C ϭ (1/8 ϫ 2/21) ϩ (2/8 ϫ 2/21)]. Allowing for the possibilities of not recovering a clone or recovering the wrong clone, clone recovery was estimated to be 92% efÞcient (recovery efÞciency (E) ϭ recovery rate (R) ϫ recovery accuracy (A) ϭ R ϫ (1 Ϫ C) ϭ 0.95 ϫ (1Ð 0.036) ϭ 0.92). Note also that a total of 211 female mosquitoes fed from the array during this experiment. Assuming that individual mosquitoes sampled single wells, randomly chosen from the 96-well array, the chance of any given clone remaining unsampled at the end of the feed was (95/96) 211 . Therefore, N, the probable number of clones sampled can be calculated as N ϭ 96 ϫ [1-(95/96) 211 ] or 85 clones per microtiter plate (88%). We estimate that unsampled, unrecovered and cross-contaminant clones total 18% of induced and presented clones [L ϭ 1-(N/96 ϫ E) ϭ 1 Ϫ (0.88 ϫ 0.92) ϭ 0.18] and that overall sampling efÞciency of the array was Ϸ82%.
Discussion
Within large cages, individual An. gambiae will sample single wells from microtiter plate arrays of potential blood meals. Furthermore, when recoverable genetic material encoding the scFv antibody fragments in each blood meal are included, it is possible to recover and identify those scFv and to propagate and retest them. E. coli appears to be an ideal bacterial host for delivering gene sequences to An. gambiae and for recovering them. Not only is E. coli the most popular and best understood prokaryotic host used in modern molecular biology, it is also the most common bacterium found in wild An. gambiae and An. funestus, both important malaria vectors in Africa (Straif et al. 1998) . The application of similar strategies to other medically important insects may be enabled by recently developed systems for gene and gene-product delivery , Matsubara et al. 1996 , Olson et al. 1996 , Durvasula et al. 1997 ).
Traditional methods for comparing different meals test separate cages containing large numbers of mosquitoes (Lehane and Billingsley 1996) . In contrast, by feeding gene-tagged arrays of recombinant expression product we were able to feed 96 samples to single cages without the need to know which mosquito fed from which well of the microtiter plate in which the array was presented. This counter-intuitive approach is enabled by gene-tagging each sample so that the genes encoding the consumed recombinant expression product can be recovered from individual insects and subsequently propogated for retesting. This demonstration suggests an interesting strategy for screening large numbers of nucleic acid sequences, their expression products or even microbial isolates for biological activity in live insects.
We propose that if clones within a library of nucleic acid sequences exert in vivo effects that can be detected in single insects, it should be possible to identify such clones by a strategy that we term single insect feeding, testing, and recovery (SIFTER). The principle of the strategy is that the nucleic acid sequences (genotypes) of clones from a library are coupled to their observable effects (phenotypes) in individual animals feeding from single clones, randomly chosen from an array (Killeen et al. 1999) . Phenotypically desirable clones from a library representing a pool of genotypes may be isolated by allowing individual insects to feed on clones from the library, presented as an array, and by recovering clones from individual test insects showing the desired phenotypic impact. We propose that the SIFTER strategy should be applicable to any biological activity, library, and insect for which the following four criteria can be fulÞlled: (1) the insect Fig. 2 . Recovery of phagemid clones from mosquitoes fed arrays of blood meals containing a mixture of scFvcontaining periplasmic extracts and the phagemid-containing bacteria from which they were derived. Bacterial colonies recovered from blood meals and midgut contents at various times before (0 h) and after (24Ð72 h) feeding to An. gambiae of either scFv and bacteria from the high-producing anti-FITC-E2 clone (scFv clone) or extraction buffer alone (control). must sample the presented arrays sufÞciently and each insect should usually sample only one clone, (2) the clone must be recoverable from the insect, (3) the desired biological activity should be readily and rapidly identiÞable in single insects, and (4) the background level of false positives for the sought biological activity must be sufÞciently low to meaningfully reduce the burden of testing individual clones. The principles of the SIFTER strategy should be equally applicable to arthropods other than insects and to screening panels of naturally occurring microbes rather than recombinant nucleic acid libraries. SIFTER strategies should complement, rather than compete with, existing single-feeder approaches and ultimately depend on them because the activity of clones isolated by SIFTER screening must be conÞrmed by such slower but more direct methods.
We have clearly demonstrated that the Þrst two criteria can be fulÞlled using this An. gambiae-recombinant antibody model. Although libraries of scFv with the potential to kill mosquitoes or to alter their susceptibility to infection by pathogens are, as yet, unavailable, conventional immunization studies indicate that this is an achievable goal (Lal et al. 1994 , JacobsLorena and Lemos 1995 , Noden et al. 1995 , Willadsen and Billingsley 1996 , Almeida and Billingsley 1998 . Furthermore, we demonstrated that it is possible to reduce background mortality to very low levels so that screening for mosquitocidal scFv using a SIFTER approach may be possible in the future. The An. gambiaerecombinant antibody system described here is merely a demonstration model, reßecting one possible application of the SIFTER strategy. The approach is, in principle, applicable to any arthropod and panel of genes, gene products or microorganisms for which the four criteria can be satisÞed. Fig. 3 . Optimizing the mixture of periplasmic extract, blood, and bacterial inoculum for successful feeding and recovery. E. coli with pCANTAB-6 vector alone was grown under inducing conditions and its periplasm extracted, mixed with blood, and presented to An. gambiae, after which feeding rates (A and C) and 24 h postfeeding mortality (B and D) were recorded. The inßuence of the ratio of blood to periplasmic extraction buffer in blood meals containing all the E. coli used to make the periplasmic extract (100% [vol:vol] inoculum) (A and B) and then the effect of inoculum size at constant ratio (4:1) of blood to periplasmic extract (C and D) was determined. All values and error bars represent the mean and standard deviation of three independent experiments, using 30Ð60 fed females per cage.
